In many production systems, multiple products are interactively produced. Therefore, an innovative technology that leads to changes in parts of such systems may influence both the unit environmental impacts associated with the products, and the productivity of multiple products. To compare alternative technologies on a common basis, we often account for the avoided or supplemented emissions associated with the residual (i.e. surplus and supplemented) products produced from within the considered system boundary. In this study, using an example of an innovative technology envisioned for use in sugar mills, we first demonstrate how comparisons can be made when the systems vary in product type and quantity. Then, through sensitivity analysis, we highlight how the variations in rationales to trace the avoided emissions influence the assessment results. We identify 1) regional and temporal variance and 2) market response patterns as the items that construct the rationales to account for the avoided or supplemented emissions associated with the compared residual productions. To better assist the comparative technological life cycle assessments (LCAs), it is suggested to elaborate on the latter, by thoroughly describing the factors that may affect the ways in which the market responds to the different quantities of products from the compared systems. The study successfully provides a working example to elaborate on the discussions and arguments made by a recent study on how methodological developments in future LCA studies should be made.
Introduction
In many production systems, multiple products are interactively produced (Gheewala, Bonnet, Prueksakorn & Nilsalab, 2011) . In the case of biorefineries, there are usually multiple constituents extracted from the raw material (i.e. plants). Parts, if not all, of these are converted, purified and shipped as products (Choi et al., 2019) . During this process, many biorefineries utilize residues to produce the heat and power required for the production. Therefore, it is also possible to supply heat and power, in addition to the biomass-derived chemicals (Kikuchi, Kanematsu, Sato & Nakagaki, 2016; Ouchida, Hattori, Terajima, Okubo & Kikuchi, 2018 ).
An innovative technology that makes changes in parts of such a production system may influence both the unit environmental impacts and the productivity of multiple products at the same time. An example is the utilization of part of the biomass for the production of the heat and power consumed in the process. This approach will reduce the input of external fuels, which is a positive factor that contributes to the reduction in greenhouse gas (GHG) emissions. However, this effect is offset by the reduced production of coproducts, because some of the raw materials are diverted to supply energy utilities. Likewise, both the quantity and balance of the inputs and the outputs are influenced as a result of the introduction of alternative technology.
In product life cycle assessment (LCA) studies, the environmental impacts that arise from a process are allocated to all the products that have some economic value. The methods and related allocation issues in the case of bioethanol production have been discussed in the literature (Kim & Dale, 2002; Luo, Voet, Huppes, & Haes, 2009 ). The greenhouse gas emissions associated with ethanol production in Brazil were calculated in a pioneering study (Macedo, Seabra, & Silva, 2008) , and many subsequent studies have applied the allocation approach to compare differences in feedstock (Muñoz et al., 2014) ; in regions (Khatiwada, Venkata, Silveira, & Johnson, 2016; Nguyen & Gheewala, 2008) ; and in conversion processes (Gopal & Kammen, 2009 ). Many of the LCA studies present the environmental impacts allocated to products, and comparison between systems with different processes is made indirectly by observing the environmental impacts allocated to bioethanol. However, the differences that are observed can be broken down to various reasons, ranging from technology; environmental conditions (Fukushima et al., 2018) , such as solar irradiation, temperature and rainfall; and economic conditions, such as the market price of the coproducts, which affects the economic allocation of the environmental impacts. A more coherent way to compare the differences in technologies used for production is needed. Yang & Heijungs (2018) argue that, "Instead of trying to always include everything, we argue for a flexible, and market-based system boundary tailored to the decision in question, particularly considering the scale of potential changes it may cause and how it may affect the economy." It should be understood that their recommendation is not to manipulate the boundaries to justify any specific objective. Instead, they emphasize the importance of appropriate modeling of the consequences of the changes caused by the solutions that are under investigation. In this study, we provide a concrete example of the extent to which the consequence models can influence the results of an LCA study, using our own example. We first make a comparison of multiple systems with alternative technologies by applying the comparative approach in LCA. A sugar mill is taken as a typical example, as it produces multiple products, i.e., sugar, ethanol and power. Using this example, we discuss how rational modeling of a market reaction is essential in estimating the implications of new technology. In a comparative LCA study, the incompleteness of system boundaries in process-based LCA studies is relatively unimportant, and the significance of the rational modeling of consequences in the market is more apparent. We achieve this objective by conducting sensitivity analysis of avoided GHG emissions in a comparative LCA between two types of system.
Methods 2.1 Case Study
The case study in this paper assesses the potential for the reduction in GHG emissions by alternative sugarcane-based industrial systems, compared with the current sugar producing system (ref) in Japan. The following two systems are assessed: (a) the conventionally proposed system for producing ethanol from molasses without changing the sugarcane variety or sugar milling processes (Macedo et al., 2008; Ohara et al., 2018; Ouchida et al., 2017; Takriti, Searle, & Pavlenko, 2017) ; and (b) the recently proposed system that enhances the production of sugar, ethanol and electricity using a high-yielding sugarcane variety and the juice pretreatment process (Kato et al., 2016; Kikuchi, Ouchida, Kanematsu, Ohara, & Fukushima, 2017; Ohara et al., 2012; Ohara, Kato, Fukushima & Sakoda, 2013) . Figure 1 shows the productivity of coproducts in the three systems (Ohara et al., 2019) . sugar-ethanol co-production system; (b) recently proposed system with raw material intensification coupled with juice pretreatment using selective fermentation (Source: Ohara et al., 2019) To quantify the changes in life cycle GHG emissions, a system boundary was set, as shown in Figure 2 . GHG emissions include those of CO2, CH4 and N2O, which were calculated using their global warming potential according to the IPCC 4 th assessment report (GWP100: CO2 = 1, CH4 = 25, N2O = 298) (The International Panel on Climate Change (IPCC), 2007), which converts the emissions into CO2 emission equivalents [kg-CO2-eq.] on the basis of absorption capability of infrared radiation with the time horizon of 100 years considering the lifetime of each species in the atmosphere. Assuming that the considered technology options will not lead to the changes in the area of farmland, the production activity attributable to 1 ha (= 10,000 m 2 ) of the farmland (t-CO2-eq./ (ha·year)) was compared (Table 1) . By introducing the a) conventional and b) recently proposed systems, GHG emissions increased by 0.07 and 0.99 t-CO2-eq./ (ha·year), respectively, compared with the current situation (5.94 t-CO2-eq./ (ha·year)). Table 2 shows the GHG emissions attributed to a unit quantity of product in each system. Economic value-based partitioning of emissions was 
Sensitivity Analysis of the Residual Products in Comparative LCA
To compare the implications for the environmental impacts (for example GHG emissions) caused by alternative technologies, a common basis of production for all the products must be set. The residual (surplus or supplemented) products produced from the system boundary (Figure 3 ) in the investigated systems are then accounted for as avoided or supplemented emissions. Avoided emissions derive from the substituted products, which have the same function as the surplus products from the set standard. Supplemented emissions, on the other hand, are calculated by accounting for the additional consumption of products to reach the standard production. This approach has already been taken by studies comparing varied practices in agriculture. A common base is set on the area of farmland, and differences in products are assessed comparatively, such as in the studies of Ohara et al. (2009) and Nakashima and Ishikawa (2016) . Table 3 summarizes the potentially substituted products and their inventories of life cycle GHG emissions. Regarding sugar production, which is increased by the introduction of systems (a) and (b), cases substituting (S1), the domestic sugar derived from sugarcane and beet in Japan, and (S2), imported sugar from Thailand, the largest exporter to Japan, were examined. As a substitute for ethanol, cases substituting (E1), imported gasoline, and (E2), imported ethanol from Brazil, the only exporter to Japan, were examined. The gasoline equivalent of the combustion energy of 1 L of ethanol was set at 0.644 L, on the basis of its lower heating values (LHV). For electric power, cases substituting (P1), the grid electricity in the area where the sugar mill is located in Japan, and (P2), the grid electricity derived from the thermal power generation in the same area, were examined. Since the production of molasses as a byproduct disappears due to ethanol production, it is necessary for the other industries that use molasses as a secondary ingredient to purchase these from other sugar mills. Therefore, the GHG emissions generated by new molasses procurement were considered using a GHG emission life cycle inventory of molasses in the present system (Table 2) . Table 3 . Inventories of life cycle GHG emission per a functional unit of the substituted products, "production" includes transportation that comes in between the production activities 
Results and Discussions 3.1 Sensitivity Analysis of Avoided GHG Intensity in Life Cycle GHG emissions
From our results (Figure 4) , we have successfully highlighted the importance of the appropriate modeling of market consequences. These results stand as a concrete example of the statement made by Yang & Heijungs (2018) . Figure 4 shows the results of the GHG life cycle of (a) the conventional system and (b) the innovative system, with regard to changing the combination of substituted products from Case 1 to Case 8, with the emissions in the current system (ref.) as the base case. From the viewpoint of the GHG emission reduction potential in comparison to (ref), i.e., the difference between the GHG life cycle, (ref) and the investigated systems (a and b), Cases 3 and 7 in (a), and Case 1 in (b) show the highest reduction effect, determined by how the substituted products were assumed. When Brazilian ethanol with a low emission intensity was selected as the substituted product for the ethanol additionally produced in (b) and (c), this production does not contribute as much as in the cases, in which it substitutes for gasoline consumption. In many studies, including that of Nakashima & Ishikawa (2016) , which presents a similar framework for comparison in the case of sugarcane derived bioethanol, the produced bioethanol is assumed to replace gasoline consumption. However, if the composition of ethanol mixed with gasoline is regulated by policy, an alternative situation in which a replacement takes place with bioethanol may occur. It is thus important to ensure the level of demand for bioethanol which currently exists, and in the future in the region from where the ethanol can be transported in an economically feasible manner, and how policy institutionalizes the introduction of bioethanol as a fuel. Likewise, in case 6, the assumption on avoided electric power is proven to be crucial. When power derived from thermal generation with high emission intensity is substituted, it can contribute positively. However, if it merely contributes to oversupply in the power grid, an energy storage solution must also be provided. Scenario verification as such is especially crucial for countries such as Japan and Indonesia, where grid systems are loosely, but not intensively, connected as a network due to their geographic configuration.
In light of the comparison between (b) and (c), the difference in the reduction of the GHG life cycle changes from large to small in the order of Case 1 to Case 8. In (c), the production of sugar, ethanol and electricity all increase. Therefore, the difference in GHG emission reduction achieved is more significant than that in (b), in which substituted products with high emission intensity were selected. In contrast, in Case 8, (b) was more effective in reducing emissions than (c). When choosing substitute products with a low emission intensity, such as imported sugar from Thailand, imported ethanol from Brazil and regional power, the increase in emissions resulting from increased production and the avoidance of emissions from the substituted products are almost equal, offsetting the contribution to emission reductions. 
The Findings in Relation to Future Studies
The results presented in Figure 4 show how important it was to rationally model the avoided emissions caused by the residual products in the compared systems in relation to the decisions in question. It is therefore critical to check the sensitivity of the results against the variances in the emission inventories used in the accounting of the avoided and induced emissions in the background systems.
It is also essential to correctly set the system boundary for the analysis; in this study, the boundary was set so that most of the systems responsible for indirect emissions were common among the compared systems. In this way, system incompleteness concerning the breadth of the life cycle systems is unimportant, as it does not contribute in the comparison results. It must be noted that in this way the system boundary definition reflects part of the assumptions on the market response mechanisms. A definition of the system boundary is therefore necessary in a comparative LCA.
In this study, we have identified and presented two major factors in the modeling of the avoided emissions in a comparative LCA. The first of these is regional and temporal variances. How products are supplied to consumers in a region often differs significantly; this is especially the case for energy. However, some products are also the case. It is important to investigate how additional products would contribute in the reduction of, or addition to, emissions in relation to a particular region. Specifically, for technology assessment that may be accompanied by investment in equipment over a long period, or for those that could be used as a product for a long period, it is also essential to consider temporal variances. Future changes in how and to what extent the avoided and supplemented emissions occur must be consistently assumed in scenarios that are investigated. For example, Japan is envisioning a significant lowering of carbon emissions in electric energy consumption by 2030; the target set by the power suppliers is 0.37 kg-CO2/kWh (Federation of Electric Power Companies of Japan (FEPC), 2015). Use of such numbers must be considered to assess the reduction potentials in the future, which can result in a conservative estimation of reduction effects compared to the case where a current emission inventory (0.512 kg-CO2-eq./kWh) is used (Ministry of the Environment of Government of Japan, 2017). The second factor is the economic reaction of the market. This is highlighted by the way additional ethanol would be accounted for. It should be noted that in reality the two factors above should be taken into account concurrently. For example, if government policy is to reduce national emissions to meet their committed target, they must ensure that under the market mechanisms determined by the policies, any additional ethanol production would lead to a reduction in emissions within the nation.
There may be other factors that influence how avoided emissions should be modeled, and how the system boundary should be set in a comparative LCA. A complete framework for modeling the market reactions to the changes caused by an envisioned scenario is required, which related to the various types of decision contexts.
Conclusions
In this paper, we have demonstrated that the dominant uncertainty in the results of a comparative LCA study would be sourced in both the modeling of direct emissions within the system boundary and in the assumptions of how the avoided or supplemented emissions associated with the varied production patterns in the compared systems contribute to environmental impacts; for example, GHG emissions. In the study, we have proposed 1) regional and temporal variance and 2) market response patterns as the types of rationale to account for the avoided or added emissions associated with the compared residual productions. To better assist comparative LCAs in technological assessment, it is suggested that LCA researchers and practitioners determine further factors that may affect the ways the market can respond to the varied quantity of products from the envisioned and evaluated systems.
